Exposure to a traumatic event may result in the development of post-traumatic stress disorder (PTSD). Endocannabinoids are crucial modulators of the stress response, interfere with excessive retrieval and facilitate the extinction of traumatic memories. Exposure therapy, combined with pharmacotherapy, represents a promising tool for PTSD treatment. We investigated whether pharmacological manipulations of the endocannabinoid system during extinction learning ameliorates the behavioral changes induced by trauma exposure. Rats were exposed to inescapable footshocks paired with social isolation, a risk factor for PTSD. One week after trauma, rats were subjected to three spaced extinction sessions, mimicking human exposure therapy. The anandamide hydrolysis inhibitor URB597, the 2-arachidonoylglycerol hydrolysis inhibitor JZL184 or the cannabinoid agonist WIN55,212-2 were administered before or after the extinction sessions. Rats were tested for extinction retention 16 or 36 days after trauma and 24-h later for social interaction. Extinction training alone reduced fear of the trauma-associated context but did not restore normal social interaction. Traumatized animals not exposed to extinction sessions exhibited reductions in hippocampal anandamide content with respect to home-cage controls. Noteworthy, all drugs exerted beneficial effects, but URB597 (0.1 mg/kg) induced the best improvements by enhancing extinction consolidation and restoring normal social behavior in traumatized rats through indirect activation of CB1 receptors. The ameliorating effects remained stable long after treatment and trauma exposure. Our findings suggest that drugs potentiating endocannabinoid neurotransmission may represent promising tools when combined to exposure-based psychotherapies in the treatment of PTSD.
INTRODUCTION
Post-traumatic stress disorder (PTSD) is a chronic psychiatric disease of high prevalence and morbidity. It develops in vulnerable subjects after experiencing an intense and lifethreatening traumatic event. The disorder is listed in the fifth edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5) as a 'trauma and stressor-related disorder' (American Psychiatric Association, 2013) . Symptomatic features of PTSD include both cognitive and emotional alterations, primarily caused by an aberrant adaptation to the trauma (American Psychiatric Association, 2013) . Cognitive symptoms include the inability to extinguish fear and anxiety responses, to suppress episodic memory retrieval and to acquire safety signals (Holmes and Singewald, 2013; Moore, 2009) . Cognitive dysfunctions are linked to both PTSD development and chronicity and are strictly related to mnestic symptoms, which include spontaneous recollections, flashbacks, and dissociative amnesia (Moore, 2009; Parsons and Ressler, 2013) . The marked changes in reactivity, arousal, mood, and anxiety (Heim and Nemeroff, 2009) complete the symptomatological picture, causing severe impairments in patient's global functioning, which include reduced interest in social contact (American Psychiatric Association, 2013) . The gold standard pharmacotherapy is represented by selective serotonin re-uptake inhibitors. However, the efficacy of these drugs is far from being satisfactory (Hoskins et al, 2015) . Cognitive behavioral exposure-based psychotherapy, which is believed to engage extinction learning processes, in some cases represents an effective PTSD treatment (Abramowitz, 2013; Furini et al, 2014; Milad and Quirk, 2012) . This therapeutic approach is based on the repeated exposure of the patient to trauma-related reminders, in a safe controlled situation, thus lacking the negative consequences for the subject (Abramowitz, 2013) . Even if exposure therapy has proven some degree of efficacy in treating PTSD (Bisson et al, 2013) , drop outs are frequent among patients reaching rates of 39% of the population (Gutner et al, 2016) . Moreover, PTSD symptoms can relapse when the exposure therapy ends leading to fear reinstatement. Therefore, it appears worth to investigate if drugs interfering with the excessive retrieval or enhancing the extinction of the traumatic memory could improve the efficacy of exposure therapy by preventing spontaneous recovery (Choi et al, 2010; Hofmann, 2007; McGuire et al, 2014; de Quervain et al, 2011; Singewald et al, 2015; Trezza and Campolongo, 2013) .
High attention in this regard has been lately given to drugs potentiating the endocannabinoid signaling Morena and Campolongo, 2014; Rabinak and Phan, 2014; Trezza and Campolongo, 2013) . The endocannabinoid system is composed by the cannabinoid receptors type 1 (CB1) and type 2 (CB2), two principal endogenous ligands, namely N-arachidonoyl ethanolamine (anandamide, AEA) and 2-arachidonoyl glycerol (2-AG) (Kano et al, 2009; Di Marzo, 1999) , and their primarily degrading enzymes the fatty-acid amide hydrolase (FAAH) (Cravatt et al, 1996) and the monoacylglycerol lipase (MAGL) (Dinh et al, 2002) , for AEA and 2-AG, respectively. The endocannabinoid system can be exogenously targeted by means of the FAAH inhibitor URB597 that elevates endogenous levels of AEA (Kathuria et al, 2003) , of the MAGL inhibitor JZL184 that elevates endogenous levels of 2-AG (Long et al, 2009; Morena et al, 2015) or by direct cannabinoid receptor agonists, such as WIN55,212-2. Genetic deletion or pharmacological blockade of CB1 receptors in rodents result in impaired fear memory extinction (Chhatwal et al, 2005; Marsicano et al, 2002; Morena and Campolongo, 2014; Pamplona et al, 2008) . Consistently, cannabinoid agonists enhance extinction (Bitencourt et al, 2014; Bowers and Ressler, 2015; GunduzCinar et al, 2013; Pamplona et al, 2008) and attenuate retrieval of aversive memory (Atsak et al, 2012; Morena et al, 2015; Morena and Campolongo, 2014) .
We recently proposed a footshock-based paradigm able to mimic both the enduring cognitive and emotional facets of PTSD pathology useful to model the extinction-based exposure therapy combined with pharmacological treatment (Berardi et al, 2014) . The main purpose of the present study was to evaluate the effects of pharmacological manipulation of the endocannabinoid system in a preclinical model of PTSD, by targeting extinction learning processes. To this aim, we first adapted our model (Berardi et al, 2014) by including multiple extinction sessions and we verified whether the extinction procedure alone was able to improve the behavioral alterations displayed by traumatized rats. We also evaluated the effects induced by trauma exposure on AEA and 2-AG levels in brain regions critically involved in extinction and emotional behavior, ie, hippocampus, prefrontal cortex, and amygdala (Furini et al, 2014) . We then evaluated whether activation of the endocannabinoid system, by facilitating extinction and dampening the retrieval of fear memory, could ameliorate the efficacy of 'extinction-based exposure therapy', leading to improvements that remain stable long after trauma exposure and pharmacological treatment termination.
MATERIALS AND METHODS

Subjects
Male Sprague-Dawley rats (350-450 g at the time of testing; Charles River Laboratories, Calco, Italy) were kept in an airconditioned room (temperature: 21°± 1°C; lights on 7:00 a. m.-7:00 p.m.) with food and water available ab libitum. All the experiments were performed during the light phase of the cycle. Rats were handled for 1 min for 7 consecutive days before behavioral testing. All procedures were performed in compliance with the European Union Directive on the protection of animals used for scientific purposes (2010/63/ EU) and the Italian law (D.L. 26/2014).
Behavioral Procedures
The PTSD model we first described (Berardi et al, 2014) was adapted for the assessment of memory extinction.
The experimental apparatus consisted in a metal troughshaped alley (60 cm long, 15 cm deep, 20 cm wide at the top, and 6.4 cm wide at the bottom) connected to an animal shocker. All the experimental sessions were video-recorded and subsequently scored by two well-trained researchers blind to the experimental conditions. After each session, fecal boli were removed and the apparatus was cleaned with a 70% ethanol solution.
Housing. All rats were individually housed for 3 days prior to the habituation session and remained singly housed until the end of the behavioral testing. We have previously shown that social isolation is necessarily required to develop enduring signs of emotional distress upon exposure to a traumatic event (Berardi et al, 2014) .
Habituation. On the first day of testing (day − 1), rats were individually taken from the home-cage and habituated for 5 min to the test apparatus. Rats were then returned to their homecages.
Exposure session. On day 0, rats were individually placed in the apparatus and were left undisturbed for 2 min. Then, five footshocks (2 s, 0.8 mA) were randomly delivered. After the last shock, rats were kept in the apparatus for 60 s to facilitate context association to the aversive stimuli. A control group was only exposed to the apparatus for 10 min without any footshock presentation.
Extinction sessions. Each of the three extinction sessions consisted in a 10-min re-exposure to the experimental apparatus, with the first carried out 7 days after the exposure session (day 7). Each subsequent session was separated from the preceding one by a 72-h interval (days 10, 13). A control group was not exposed to the extinction procedure.
Extinction retention test. To evaluate memory retention, rats were exposed to the experimental apparatus 16 or 36 days after trauma exposure (3 or 20 days after the last extinction session), for a 10-min period, during which contextual freezing behavior was evaluated (Chen et al, 2012; Wheeler et al, 2013) .
Social interaction test. To evaluate the level of emotional distress, rats were tested in the social interaction test (SI), which was carried out 24 h after the extinction retention test (day 17 or day 37).
Couples for the SI were established according to the following criteria: (1) belonging to the same drug treatment/ experimental condition; (2) unfamiliarity; (3) least weight difference. Each couple was put for 10 min in a quadrangular arena (40 × 40 × 60 cm) made of Plexiglas with clean sawdust covering the floor, under red light conditions (~10 lux). After each session, rats were returned to their home cage, fecal boli were removed, sawdust was blended, and the arena's walls were cleaned with a 70% ethanol solution. In this test, social behavior was scored as previously described (Berardi et al, 2014) .
Drugs
The FAAH inhibitor URB597 (0.1, 0.3 mg/kg), the MAGL inhibitor JZL184 (0.5, 1 mg/kg), the CB agonist WIN55,212-2 (1, 3 mg/kg), and the CB1 antagonist SR141716 (1 mg/kg) were dissolved in a vehicle containing 5% polyethylene glycol, 5% Tween80, and 90% saline solution. Doses were chosen on the basis of pilot experiments performed in our laboratory and on literature data showing behavioral efficacy and lack of locomotor alterations in rats Haller et al, 2009; Järbe et al, 2007; Manduca et al, 2016; Morena and Campolongo, 2014; Robinson et al, 2003; Sciolino et al, 2011) . All drugs were freshly prepared on the day of the experiment and administered intraperitoneally at a volume of 1 ml/kg. On the basis of the experimental procedure, WIN55,212-2, URB597, and JZL184 (or vehicle) were administered either 1 h before or immediately after each extinction session on days 7, 10, and 13. SR141716 (or vehicle) was administered 30 min before the extinction sessions on days 7, 10, and 13. In all the experiments neither drugs nor vehicle were administered on the extinction retention session on day 16 or 36. Drugs were kindly donated by the National Institute of Mental Health (Chemical Synthesis and Drug Supply Program, Bethesda, MD, USA).
Endocannabinoid Extraction and Analysis
AEA and 2-AG extraction and analysis were performed as previously described . In brief, animals were killed immediately after the SI test and the hippocampus, prefrontal cortex and amygdala were dissected by a welltrained experimenter. The brain areas were put into 2-ml Eppendorf tubes and immediately stored at -80°C in order to avoid endocannabinoid degradation (Hauer et al, 2011 ] 2-AG for extraction, and homogenized with a glass rod. Tissue was sonicated for 30 min on ice water and incubated overnight at -20°C to precipitate proteins, then centrifuged at 1500 × g to remove particulates. The supernatants were transferred to a new glass tube and evaporated to dryness under N 2 gas. The samples were reconstituted in 300 μl of acetonitrile and dried again under N 2 gas. Lipid extracts were suspended in 20 μl of acetonitrile and stored at -80°C until analysis. Analysis of AEA and 2-AG was performed by liquid chromatography mass spectrometry analysis as previously detailed (Qi et al, 2015) .
Statistical Analysis
Statistical analysis was performed using SPSS statistical software. Each measure is expressed as mean ± SEM. For each measure on experiment 1, independent samples Student's t-test was performed. In the evaluation of freezing percentage across the extinction sessions, a repeated measures ANOVA was performed with sessions as the repeated factor and treatment and shock condition as between-subjects factors. In all the other cases, data were analyzed with one-or two-way ANOVA, when appropriate. Tukey-Kramer post hoc test was performed to control for significant differences between groups when appropriate. Significance was considered for Po0.05.
RESULTS
Extinction Training Attenuates the Behavioral Alterations of Trauma-exposed Rats
In this experiment, we examined the effects of the extinction training procedure on behavioral alterations displayed by footshock-exposed rats (Extinction group), compared with a control group never exposed to the extinction sessions (No-Extinction group). In our previous work, we showed that the exposure to a single session of multiple footshocks caused in rats a long-lasting form of traumatic memory along with a sustained reduction of social behavior when compared with unexposed control rats (Berardi et al, 2014) .
Here, we found that the extinction procedure alone reduced conditioned freezing 16 days after the exposure to footshocks, but failed to promote an enhancement of social behavior. Indeed, when analyzing freezing percentage at day 16, Student's t-test revealed that rats receiving the full extinction protocol displayed significantly lower levels of freezing than rats never exposed to the extinction sessions (t 18 = -3.57, P = 0.002) ( Figure 1a ). Conversely, for the SI time, t-test revealed only a trend toward significance (t 18 = 1.89, P = 0.075) (Figure 1b) .
We next measured endocannabinoid AEA and 2-AG levels immediately after the SI test in rats subjected to the extinction sessions, in rats never exposed to the extinction sessions and in a home-cage control group, in the hippocampus, prefrontal cortex, and amygdala. In the hippocampus, ANOVA for AEA levels revealed a significant effect of condition (F 2,27 = 3.53, P = 0.043) and post hoc tests showed that rats not exposed to the extinction procedure had significantly lower AEA levels when compared with homecage controls (Table 1) . No differences were found in the hippocampus for 2-AG levels (F 2,27 = 0.008, P = 0.99, Table 1 ). In the prefrontal cortex, ANOVA for AEA (Table 1) and 2-AG (Table 1 ) levels did not reveal any significant effect of the condition (F 2,24 = 0.34, P = 0.72; F 2,24 = 0.80, P = 0.46, respectively). Similarly, in the amygdala, ANOVA for AEA (Table 1) and 2-AG (Table 1 ) levels did not reveal any significant condition effect (F 2,26 = 0.057, P = 0.95; F 2,26 = 0.41, P = 0.67, respectively).
Effects of Pre-Extinction Cannabinoid Drug Administration On Trauma-Induced Behavioral Alterations
In these experiments, we investigated the effects of the tested drugs given 1 h before extinction training sessions, on both cognitive and emotional modification following trauma exposure. Results showed only a limited efficacy of the tested substances in modifying rats' behaviors. Indeed, the lower dose of URB597 (0.1 mg/kg) increased social behavior, and both doses of JZL184 (0.5 and 1 mg/kg) reduced global freezing percentages. Concerning URB597 effects, ANOVA for freezing time across sessions showed a significant effect of sessions (F 3,81 = 19.45, Po0.001) but no significant effects of drug treatment and sessions × drug treatment interaction (F 2,27 = 0.80, P = 0.46; F 6,81 = 0.16, P = 0.99, respectively) ( Figure 2a) . Conversely, in the SI, ANOVA showed a significant effect of drug treatment (F 2,27 = 6.029, P = 0.007) and post hoc analysis revealed that animals treated with the 0.1 mg/kg dose spent significantly more time interacting with the social partner when compared with controls (Po0.05) (Figure 2b ). ANOVA for freezing time across sessions showed a significant effect of both sessions and drug treatment for JZL184 (F 3,81 = 42.82, Po0.001; F 2,27 = 4.25, P = 0.025, respectively), but no effect of sessions × drug treatment interaction (F 6,81 = 0.552, P = 0.77). Post hoc comparisons for the total freezing showed that animals treated with both doses of JZL184 displayed significantly less freezing than control rats (Pso0.05) (Figure 2c ). In the SI, ANOVA for SI time showed a significant effect of drug treatment (F 2,27 = 4.27, P = 0.024) (Figure 2d ). Rats treated with the higher dose of JZL184 (1 mg/kg) presented a tendency toward a decrease in the SI time as compared with vehicle-treated rats. However, post hoc comparisons did not reveal any statistical significant difference between animals treated with both doses of JZL184 (0.5 and 1 mg/kg) and rats treated with vehicle. Finally, for WIN55,212-2, ANOVA for freezing showed a significant effect of sessions (F 3,81 = 28.40, Po0.001) but no significant effects of drug treatment and sessions × drug treatment interaction (F 2,27 = 0.76, P = 0.48; F 6,81 = 1.44, P = 0.21, respectively) ( Figure 2e ). In the SI, ANOVA did not show any significant effect (F 2,27 = 0.32, P = 0.73) (Figure 2f ).
Effects of Post-Extinction Cannabinoid Drug Administration on Trauma-Induced Behavioral Alterations
In these experiments, we investigated the effects of the tested drugs, given immediately after the extinction sessions, on both cognitive and emotional modifications induced by trauma exposure.
Concerning URB597, ANOVA for freezing time showed a significant effect of sessions, drug treatment, and sessions × drug treatment interaction (F 3,81 = 38.14, Po0.001; F 2,27 = 4.32, P = 0.024; F 6,81 = 2.22, P = 0.050, respectively). Post hoc comparisons showed that animals treated with the higher dose of URB597 (0.3 mg/kg) displayed significantly less freezing on the second (Po0.05) and third (Po0.05) extinction sessions when compared with vehicle-treated rats. In addition, animals treated with the 0.1 mg/kg dose displayed significantly less freezing on the third extinction session and the extinction retention session (Pso0.05) when compared with vehicle-treated rats. Post hoc tests for freezing time showed reduced total freezing in URB597-treated animals with respect to controls (Po0.05) (Figure 3a) . In the SI, ANOVA showed a significant effect of drug treatment (F 2,27 = 5.80, P = 0.008). Post hoc analysis revealed that URB597-(0.1 mg/kg) treated rats interacted significantly more with the social partner than controls (Po0.01) (Figure 3b ). Concerning JZL184, ANOVA for freezing showed a significant effect of sessions (F 3,81 = 44.70, Po0.001) and no significant effects of drug treatment and sessions × drug treatment interaction (F 2,27 = 0.79, P = 0.47; F 6,81 = 1.75, P = 0.12, respectively) (Figure 3c ). In the SI, oneway ANOVA showed no significant drug treatment effect (F 2,27 = 0.092, P = 0.91) (Figure 3d ). Finally, ANOVA for WIN55,212-2 effects showed a significant effect of sessions and of sessions × drug treatment interaction (F 3,99 = 28.48, Po0.001; F 6,99 = 2.91, P = 0.012, respectively) but no drug treatment effect (F 2,33 = 1.29, P = 0.29). Post hoc tests revealed that animals treated with the higher dose of WIN55,212-2 (3 mg/kg) displayed significantly less freezing during the fourth session (extinction retention session) when compared with vehicle-treated animals (Po0.05) (Figure 3e ). In the SI, ANOVA did not show any significant drug treatment effect (F 2,33 = 0.86, P = 0.43) (Figure 3f ).
The Ameliorating Effects Of Post-Extinction URB597 Treatment are Specific for Trauma-Exposed Animals and Depend on Facilitation of Memory Extinction
In this experiment, the effective dose of URB597 (0.1 mg/kg) was administered in rats never subjected to the footshock session, but only exposed to the experimental apparatus.
Memory retention and SI were tested on days 16 and 17, respectively. We found that vehicle-treated rats exposed to the shock experience presented higher levels of freezing and reduction in SI as compared with their non-shocked controls. Moreover, URB597 did not affect freezing or social behavior in rats not exposed to the shock experience, yet it facilitated fear memory extinction and ameliorated emotional trauma-induced alterations present in the shockexposed animals. ANOVA for freezing did not reveal a significant effect of drug treatment (F 1,28 = 3.08, P = 0.090), but did show a significant effect of the shock exposure, sessions, and drug treatment × shock exposure × sessions interaction (F 1,28 = 154.20, Po0.0001; F 3,28 = 17.30, Po0.0001; F 3,84 = 5.09, Po0.028, respectively; Figure 4a ). Post hoc tests showed that vehicle-treated rats exposed to the shock experience presented higher levels of freezing across the extinction sessions as compared with the non-shock vehicle group (Po0.05, for all comparisons). Furthermore, shock-exposed rats given URB597 presented less freezing on the third extinction session and on the extinction retention session when compared with shock-exposed rats treated with vehicle (Pso0.05). No significant differences were detected among shock-exposed rats treated with URB597 and rats not exposed to the trauma given vehicle or URB597, during the extinction retention session. Thus, URB597 treatment in shock-exposed animals completely restores animals' behavior, rendering it comparable to that observed in rats never exposed to the traumatic experience. Similarly, there were no significant differences across sessions between the two nonshocked animal groups (Figure 4a) . When analyzing the total freezing independently from the sessions, post hoc tests showed that, within vehicle-treated groups, shock-exposed animals showed significantly more freezing than no-shocked rats (Po0.01). Similarly, within URB597-treated groups, shock-exposed animals showed significantly more freezing than URB597 no-shocked rats (Po0.01). Moreover, among the shock-exposed groups, URB597-treated rats displayed significantly less freezing than the vehicle-treated group (Po0.01). ANOVA for SI did not reveal a significant drug treatment (F 1,28 = 0.491, P = 0.4893) or shock exposure (F 1,28 = 3.143, P = 0.0872) effect, but showed a significant drug treatment × shock exposure interaction effect (F 1,28 = 5.427, P = 0.0273). Post hoc comparisons showed that vehicle treated rats exposed to the shock experience presented reduced SI time (Po0.05). URB597-treated rats exposed to the shock displayed higher levels of SI than vehicle-treated rats exposed to the same shock condition (Po0.05), and comparable to those of non-shocked rats given either vehicle or URB597 (Figure 4b) .
We next examined the effects of URB597 (0.1, 0.3 mg/kg) administered in animals exposed to the trauma but not subjected to the repeated extinction procedure and exposed to the conditioned context only on day 16 (retention test). Rats were injected with URB597 on post-shock exposure day 7, 10, and 13. Results showed that neither freezing nor social behavior were affected by URB597 treatment when extinction sessions were omitted (F 2,26 = 0.228, P = 0.797) (Figure 4c ). ANOVA did not reveal any significant effect of the drug treatment on SI time in the SI (F 2,26 = 0.593, P = 0.560) (Figure 4d ).
The Ameliorating Effects of Post-extinction URB597 Administration are Long-lasting and Blocked by Pretreatment with the CB1 Receptor Antagonist SR141716
In this experiment, we investigated whether post-extinction URB597 effects on both freezing and social behavior were dependent on indirect activation of CB1 receptors by increased AEA. We found that SR141716, at a dose (1 mg/ kg) not altering the behavior per se, blocked the ameliorating effects of URB597 (0.1 mg/kg) on both freezing and social behavior, at day 16 and 17 post-trauma exposure. ANOVA for freezing revealed a significant effect of the sessions, of the drug treatment and of sessions × drug treatment interaction (F 3,108 = 57.16, Po0.001; F 3,36 = 3.82, P = 0.018; F 3,108 = 2.23, P = 0.026, respectively). Post hoc tests showed that URB597-treated rats displayed less freezing on the second and third extinction sessions and on the extinction retention session when compared with rats receiving SR141716 alone (Pso0.05). Moreover, URB597-treated rats displayed less freezing than SR141716/URB597-treated rats on the third extinction session and on the extinction retention session (Pso0.05). Finally, URB597-treated rats displayed less freezing than vehicle-treated rats on the extinction retention session (Po0.01). When analyzing total freezing independently from the sessions, post hoc tests showed that URB597-treated animals displayed significantly less freezing than the vehicle-treated group (Po0.05). No differences were observed among the groups of rats treated with SR141716/ URB597, SR141716, or vehicle alone (Figure 5a ). ANOVA for SI time also revealed a significant effect of the drug treatment (F 3,36 = 4.549, P = 0.008). Post hoc analysis showed that rats Figure 2 Freezing rates across (a) the three extinction sessions (Ext 1, 2, and 3) and the extinction retention test (ERT) and (b) social interaction (SI) time of rats treated with URB597 or vehicle (Veh) 1 h before the extinction sessions on day 7, 10, and 13. Freezing rates across (c) the three extinction sessions and the extinction retention test and (d) social interaction time of rats treated with JZL184 or vehicle 1 h before the extinction sessions on day 7, 10, and 13. Freezing rates across (e) the three extinction sessions and the extinction retention test and (f) social interaction time of rats treated with WIN55,212-2 or vehicle 1 h before the extinction sessions on day 7, 10, and 13. *Po0.05 URB597 0.1 mg/kg vs Veh. Data are expressed as mean ± SEM (n = 8-11 per group). Figure 3 Freezing rates across (a) the three extinction sessions (Ext 1, 2, and 3) and the extinction retention test (ERT) and (b) social interaction (SI) time of rats treated with URB597 or vehicle (Veh) immediately after the extinction sessions on day 7, 10, and 13 (*Po0.05, **Po0.01, URB597 0.1 mg/kg vs Veh; + Po0.05, URB597 0.3 mg/kg vs Veh). Freezing rates across (c) the three extinction sessions and the extinction retention test and (d) social interaction time of rats treated with JZL184 or vehicle immediately after the extinction sessions on day 7, 10, and 13. Freezing rates across (e) the three extinction sessions and the extinction retention test, and (f) social interaction time of rats treated with WIN55,212-2 or vehicle immediately after the extinction sessions on day 7, 10, and 13 (*Po0.05, WIN55,212-2 3 mg/kg vs Veh). Data are expressed as mean+SEM (n = 10-13 per group). Figure 4 Freezing rates across (a) the three extinction sessions (Ext 1, 2, and 3) and extinction retention test (ERT) and (b) social interaction (SI) time of rats treated with URB597 (0.1 mg/kg; URB 0.1 Shock) or vehicle (Veh Shock) immediately after the extinction sessions on day 7, 10, and 13, exposed to the traumatic experience (Exp) or never presented the shock but only exposed to the experimental context (Context Exp; URB 0.1 No Shock, Veh No Shock). (c) Freezing rates of rats exposed to the shock experience (Exp), but not to the extinction sessions and treated with URB597 or vehicle on day 7, 10, and 13, as assessed during the retention session (RT) on day 16. (d) Social interaction time of the same rats during the SI test on day 17.^Po0.05, Veh Shock vs Veh No Shock; *Po0.05, URB 0.1 Shock vs Veh Shock; ◆Po0.05, URB 0.1 Shock vs URB 0.1 No Shock. Data are expressed as mean ± SEM (n = 7-11 per group). Figure 5 Freezing rates across (a) the three extinction sessions (Ext 1, 2, and 3) and extinction retention test (ERT, day 16) and (b) social interaction (SI) time (day 17) of rats treated with SR141716 (SR, 1 mg/kg) or vehicle (Veh) 30 min before, and with URB597 (0.1 mg/kg, URB 0.1) or vehicle immediately after the extinction sessions on day 7, 10, and 13. Freezing rates across (c) the three extinction sessions and extinction retention test (day 36) and (d) social interaction time (day 37) of rats treated with SR141716 (1 mg/kg) or vehicle 30 min before, and with URB597 (0.1 mg/kg) or vehicle immediately after the extinction sessions on day 7, 10, and 13. *Po0.05, **Po0.01, Veh/URB 0. treated with URB597 interacted longer with the social partner than rats from the other groups did (Pso0.05). No significant differences were observed among SR141716/ URB597, SR141716, or vehicle-treated groups (Figure 5b ). We next examined whether post-extinction URB597 effects on both freezing and social behavior were longlasting. Animals underwent the same drug administration regimen and 3-day extinction session exposure, as described for the previous experiment, except that the extinction retention test and social behavior were examined more than a month after trauma exposure (day 36 and 37, for freezing and social interaction, respectively). We found that control rats still presented robust trauma-related behavioral alterations at day 36 and 37 post-trauma exposure. However, URB597 treatment (0.1 mg/kg) combined with the extinction exposure sessions reduced freezing and restored normal SI, which remained stable long after treatment termination. In addition, these effects were blocked by pre-administration of SR141617 (1 mg/kg), thus showing that URB597 effects are dependent on indirect activation of CB1 receptors through increased levels of AEA.
ANOVA for freezing revealed a significant effect of the sessions, of the drug treatment and of sessions × drug treatment interaction (F 3,28 = 30.02, Po0.0001; F 3,28 = 3.39, P = 0.032; F 3,84 = 2.050, P = 0.044, respectively). Post hoc tests showed that URB597-treated rats displayed less freezing on the third extinction session and on the extinction retention session when compared with rats receiving vehicle alone or SR141716/URB597 (Pso0.05). Moreover, URB597-treated rats displayed less freezing than rats treated with SR141716 alone on the third extinction session (Po0.05) and on the extinction retention session (Po0.01). When analyzing the total freezing independently from the sessions, post hoc tests showed that URB597-treated animals displayed significantly less freezing than the controls (Po0.01). No differences were observed among the other groups of rats (Figure 5c ). ANOVA for SI time also revealed a significant effect of the drug treatment (F 3,28 = 8.370, P = 0.0004). Post hoc analysis showed that rats treated with URB597 interacted longer with the social partner than rats from the other groups did (Pso0.01). No significant differences were observed among the other groups (Figure 5d ).
DISCUSSION
The present findings show that facilitation of endocannabinoid signaling augments the efficacy of extinction training and ameliorates the behavioral alterations caused by traumatic stress in rats. We previously showed that exposure to footshocks in rats, together with social isolation, induced a long-lasting reduction in social behavior paired with excessive retrieval for the traumatic experience, leading to chronic dysfunction (Berardi et al, 2014) . In particular, we showed that exposure to footshocks induces a long-lasting form of contextual fear memory characterized by extremely high freezing rates, still present even 3 months after stress exposure. This highlights the chronic nature of the fear memory, a main feature of the human PTSD pathology. It is of interest, also from a translational point of view, that the stressful experience caused a chronic alteration of social behavior as well (Berardi et al, 2014) .
Here, we aimed at mimicking a classical setting of exposure therapy in humans by establishing, in rats, a form of spaced extinction learning induced by repeated exposures to the context in the absence of footshocks and paralleled by drug administrations (Abramowitz, 2013; de Quervain et al, 2011) . We observed a reduction in freezing behavior 2 weeks after exposure to trauma in animals that were repeatedly exposed to a no longer dangerous context when compared with rats that were not subjected to the extinction sessions, thus highlighting that the exposure sessions can dampen per se fear memory recall. Furthermore, compared with home cage control animals, rats never exposed to the repeated extinction procedure presented decreased hippocampal AEA levels when measured immediately after the SI session, at the end of our behavioral paradigm. Interestingly, in the same brain region, AEA levels in animals subjected to the spaced extinction sessions were comparable to those observed in home cage control animals. Since we did not observe any change in the Extinction group, subjected to the same SI testing before measuring endocannabinoid levels, it is unlikely that the reduction of AEA levels in the NoExtinction group might be ascribed to acute phasic changes owing to the prior SI testing. Our finding rather suggests that the traumatic experience in the absence of the repeated extinction procedure might have caused a tonic reduction of AEA levels in the hippocampus. Consistently with human data on extinction therapy in PTSD patients (Bisson et al, 2013; Quirk et al, 2010) , the present finding suggests that repeated exposure to trauma-related reminders, in the absence of negative consequences, represents a useful approach to dampen the excessive recall of the traumatic memory. However, the repeated exposure to trauma-related reminders alone is not sufficient to normalize stress-induced aberrations in social behavior (Berardi et al, 2014) . Therefore, we tested whether administrations of drugs enhancing endocannabinoid signaling before or after the three extinction sessions, could be effective in restoring a normal behavioral phenotype. Drugs were administered either 1 hour before, or immediately after, each extinction session, in order to disentangle the impact of drug treatment on the retrieval or the consolidation of extinction, respectively. To reduce the development of drug tolerance, rats were exposed to the extinction sessions on spaced days. Of note, this procedure was reported to be more effective than extinction sessions carried out on consecutive days (Matsuda et al, 2014) . When drug injections were given 1 h before the extinction sessions, none of the tested compounds were able to improve extinction learning and social behavior at the same time. Noteworthy, boosting AEA signaling with URB597 administration, promoted social behavior while leaving the recall of the traumatic event unaltered. Conversely, JZL184 administration, slightly reduced the traumatic memory recall but failed to improve social behavior.
Different results were observed with post-extinction treatment. Although JZL184 did not produce any significant effect, the CB receptor agonist WIN55,212-2 facilitated memory extinction while leaving the social behavior unaltered. Interestingly, URB597, through indirect activation of CB1 receptors, enhanced the consolidation of extinction, as well as ameliorated the trauma-induced alterations in social behavior by increasing the levels of social interaction. We also found that these ameliorating effects of URB597 were dependent on the traumatic experience. By replicating our previous findings (Berardi et al, 2014) , our results showed that vehicle-treated rats presented impairments in social behavior and, clearly, higher levels of freezing, 2 weeks after trauma exposure as compared with rats that never experienced the traumatic event. Treatment with URB597 did not affect freezing or social behavior in non-shocked rats, thus showing that the ameliorating effects of URB597 were specific for rats exposed to the footshock experience. Most importantly, URB597 treatment in traumatized animals completely restored fear extinction and SI behavior, rendering it comparable to that observed in rats never exposed to the traumatic experience.
In addition to this, in a separate experiment we found that the efficacy of URB597 treatment was also strictly dependent on the repeated exposure-based extinction approach. Indeed, when animals were treated at the same time intervals of those of the extinction procedure, but without re-exposing them to the context, URB597 did not produce any effect on freezing rates or social behavior. This clearly demonstrates that the beneficial effects of URB597 cannot be attributed solely to the drug, but instead appear to augment the efficacy of the extinction training.
Furthermore, we evaluated the long-term efficacy of URB597 treatment combined with the repeated extinction session procedure. When vehicle-treated rats were tested for extinction retention and social behavior 41 month after shock-exposure, they still presented significant behavioral dysfunctions. Of note, treatment with URB597 considerably decreased freezing behavior and increased the time spent in social interaction, more than a month after trauma exposure and 3 weeks after the last drug injection. Moreover, we also found that these effects were blocked by pre-treatment with the CB1 receptor antagonist SR141716, thus showing that URB597 effects are dependent on indirect activation of CB1 receptors through increased levels of AEA.
These behavioral results are consistent with our biochemical data indicating that reductions in AEA content in the hippocampus produced by traumatic stress, were absent in the animals exposed to extinction training. Consistent with previous reports (Gunduz-Cinar et al, 2013; Marsicano et al, 2002) , this suggests that extinction training increases endogenous AEA signaling and that augmentation of this effect, through inhibition of AEA hydrolysis, enhances the efficacy of extinction training. Taken together, these results demonstrate that URB597, by increasing AEA levels, can promote extinction consolidation, reducing the emotional consequences of traumatic stress as well, through increasing AEA signaling capacity at CB1 receptors.
The fact that traumatic stress produced a sustained reduction in hippocampal AEA content is consistent with previous reports that stress or glucocorticoids can cause delayed and lasting reductions in hippocampal AEA content (Bowles et al, 2012; Hill et al, 2008a Hill et al, , 2008b Wang et al, 2012) . It is interesting to speculate that the reduction of AEA hippocampal levels might be responsible of the long-lasting effects on memory and social behavior observed in rats exposed to the trauma. However, given that extinction procedure alone restored normal levels of hippocampal AEA and was sufficient to reduce the cognitive effects of trauma, but at the same time insufficient to significantly increase social behavior, this suggests that the restoration of AEA signaling may be more specific to the cognitive effects as opposed to social behavior. That being said, amplification of AEA signaling during the extinction training session did normalize alterations in social behavior indicating that these changes in AEA signaling may indeed be relevant for alterations in social behavior. These data are particularly interesting in light of recent findings indicating that AEA signaling in the hippocampus is critical for safety learning (Micale et al, 2017) , suggesting that augmentation of hippocampal AEA signaling may have broad spanning therapeutic mechanisms in the suppression of emotionally aversive memories.
Our results may be of help in understanding why the URB597-mediated AEA enhancement is more efficacious with respect to the JZL184-mediated 2-AG enhancement in the promotion of the consolidation of extinction of the traumatic memories. Even though AEA and 2-AG act on the same receptors, distinct behavioral effects are frequently reported in literature (Manduca et al, 2015; Morena et al, 2015) . For example, exposure to stress generally results in a decrease in AEA and a parallel increase in 2-AG levels (Morena et al, 2016b ). Here we did not observe any changes in the tissue content of 2-AG, at least at the discrete time points where we analyzed endocannabinoid levels, but the reduction of freezing induced by JZL184 administered 1 h before the extinction session, is in line with the retrievaldampening effects of JZL184 . The present results provide evidence as to why AEA elevation could represent a better therapeutic approach than synthetic direct cannabinoid agonists in PTSD treatment. Indeed, the synthetic cannabinoid agonist WIN55,212-2, by indistinctly activating cannabinoid receptors, did not produce any significant improvement in the behaviors of traumatized rats except for a reduction of freezing rates when given post extinction. Conversely URB597, by acting only on those brain areas where there is an active endocannabinoid transmission, can selectively promote AEA modulatory influences on memory and behavior. It is also important to note that URB597, differently from direct cannabinoid agonists, lacks the classical cannabinoids side-effects such as catalepsy, hypothermia, hyperphagia, as well as abuse potential (Piomelli et al, 2006) .
In support to our findings, a large body of preclinical and clinical research reports the potential benefit of cannabinoids in the treatment of PTSD symptomatology, including hyperarousal, sleep disturbances, and heightened anxiety (Hill et al, 2017; Jetly et al, 2015; Morena et al, 2016a) .
Studies on preclinical traumatic stress/PTSD models have suggested that cannabinoid treatment could prevent the development of PTSD-like symptomatology (increased startle response, impairments in hippocampus-and amygdala-dependent memory) when administered in proximity to trauma exposure (Korem and Akirav, 2014; Shoshan et al, 2017) . Although these studies give important insights into the mechanisms involved in stress-related processes, from a translational point of view, however, it would be difficult to predict whether a person would develop PTSD after a traumatic event. However, a successful therapeutic approach would be represented by enhancement of extinction learning through exposure psychotherapy. Growing evidence reveals the importance of cognitive enhancers augmenting the efficacy of exposure therapy to treat trauma and anxiety-related disorders (Singewald et al, 2015) . In this scenario, our results suggest that drugs elevating AEA signaling at CB1 receptors could be successfully coupled with the exposure therapy to increase its efficacy and reduce both the cognitive and emotional dysfunctions induced by exposure to traumatic stress, thus potentially restoring normal behavior, which we found to remain stable long after trauma-exposure and pharmacological treatment termination. The fact that URB597 drug intervention could be potentially coupled and limited only to the behavioral exposure psychotherapy, preserving its efficacy and, at the same time, avoiding a chronic administration regimen, would represent a considerable advantage both in terms of promoting drug compliance and minimizing potential side effects on other physiological and/or psychological functions. Taken together, our findings have a remarkable translational relevance to the potential importance of FAAH inhibition in the treatment of PTSD. Further studies are needed to confirm the present findings in additional animal models of traumatic stress, but also in clinical settings where the utility of FAAH inhibitors for the treatment of PTSD has become a potential novel therapeutic target.
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